Groundwater and surface water can be subject to fecal contamination from a variety of sources, including humans. This contamination can contain enteric viruses, among other potential pathogens, excreted in the stools of infected individuals. Previous studies have documented the presence of enteric viruses in a variety of water types, including groundwater, surface water, drinking water, and recreational seawater (1, 11, 17, 22) . Several waterborne outbreaks of viral gastrointestinal illness have been documented (4, 10) . Besides gastrointestinal illnesses, enteric viruses have been linked to more acute conditions, including meningitis and paralysis (14) .
Respiratory enteric orphan viruses (which infect the human respiratory and intestinal tracts) belong to the family Reoviridae and the genus Orthoreovirus. Reoviruses are comprised of 10 to 12 double-stranded RNA genomic segments that can reassort both in nature and in laboratory settings. The most common mammalian isolates are type 1 (Lang), type 2 (Jones), and type 3 (Dearing). Reoviruses have a high endemic infection rate in humans and many other mammals (24) , and more than 70% of 4-year-old children have seroconverted (25) . Reoviruses typically cause only asymptomatic or mild respiratory infections in individuals. However, research suggests that reoviruses may be associated with potentially more severe illnesses. Reoviruses have been linked to neonatal hepatitis, extrahepatic biliary atresia, meningitis, and myocarditis (9, 16, 25, 28, 29) . Also, immunocompromised, young, and elderly individuals may become susceptible to severe bacterial respiratory disease due to an initial reovirus infection (5) .
There is a paucity of studies on the detection of reoviruses in environmental water samples due to the moderate clinical significance of these viruses. However, the few ecological studies that have monitored the occurrence of reoviruses in water sources have found that they occur quite commonly (8, 12, 18, 27) . One study that examined secondary sewage treatment plant effluents showed that reoviruses were present in 84% of the samples and that enteroviruses were present in only 46% of the samples (8) . Another 2-year study showed that reoviruses were the most abundant type of viruses isolated from raw river water; 207 of 445 (46.5%) of the strains of viruses isolated were identified as reoviruses (12) . Reoviruses kept in agricultural water streams have been shown to survive for 6 months (13) .
Most previous studies have used either seroepidemiology or classical cell culture techniques to identify viruses in water samples. Both of these methods are labor-intensive and timeconsuming (3), and antibody neutralization tests have been known to fail due to antigenic drift or recombination after a virus has passed through a host (20) . Several recent studies have used molecular techniques, such as PCR and integrated cell culture-PCR (23), for detection of viruses. Direct detection of viruses in environmental samples is often hampered by the presence of PCR inhibitors and an inability to assay large equivalent volumes. Integrated cell culture-reverse transcription-PCR (RT-PCR) methods overcome most of these limitations. In addition, direct RT-PCR detection cannot determine the infectivity of viruses, and therefore integrated cell culture-RT-PCR detection has more meaningful implications for public health risk assessments. The advantages of these molecular approaches include a shorter assay time, greater sensitivity, and the ability to genotype and identify the viruses present. Most viral monitoring studies target enteroviruses to determine fecal contamination of water sources. We propose that reoviruses may also be a valuable target for monitoring fecal and viral contamination of water. Previous findings that reoviruses can be present more often than other enteroviruses, including poliovirus, suggest that monitoring for reoviruses may provide a useful indicator of viral contamination. Zoonotic transmission of reoviruses is probable (19) , and therefore all occurrences of contamination, whether due to animals or due to humans, are of concern. The objectives of this study were (i) to design primers and develop a combined cell culture-RT-PCR assay for detection of mammalian reoviruses and (ii) to field test the assay with lysates of cytopathic effect (CPE)-positive cell cultures from environmental water samples.
MATERIALS AND METHODS
Viruses. Reovirus types 1 (Lang), 2 (Jones), and 3 (Dearing) were obtained from the American Type Culture Collection, (ATCC), Manassas, Va. (catalog no. VR-230, VR-231, and VR-824 respectively). The titers of diluted virus stocks were calculated based on the original titers provided by the ATCC. As provided by the ATCC, the viral titers of reovirus types 1, 2, and 3 were 10 6.5 , 10 7.5 , and 10 5.5 50% tissue culture infective doses (TCID 50 )/0.2 ml, respectively. TCID 50 were converted to estimated PFU as recommended by the ATCC (TCID 50 ϫ 0.7).
RT-PCR primers for virus detection. Primers for detection of reovirus types 1, 2, and 3 were designed by using GenBank sequences. The primer pair REOL3F (5Ј-CAG TCG ACA CAT TTG TGG TC-3Ј; positions 3164 to 3183) and REOL3R (5Ј-GCG TAC TGA CGT GGA TCA TA-3Ј; positions 3464 to 3483) yielded a 320-bp product. The sequence of the RT-PCR product was unique for each of the three types.
Sampling, cell culture, and nucleic acid extraction. Water samples (1,000 liters) were collected from 12 sites in six states and examined for enteroviruses by using the U.S. Environmental Protection Agency (EPA) Information Collection Rule (ICR) method (30) . Environmental water samples were cultured on Buffalo green monkey (BGM) cells to detect the presence of enteroviruses. To detect reoviruses, cell culture lysates were subsequently examined by RT-PCR with the primers described above. Cell cultures (with medium) from flasks exhibiting viral CPE were lysed by three Ϫ80°C-37°C freeze-thaw cycles. Nucleic acids were extracted from the lysates by using a QIAamp viral RNA kit (Qiagen, Valencia, Calif.) according to the manufacturer's directions.
RT-PCR detection of viruses. Each one-tube 50-l RT-PCR cocktail contained 10 l of purified nucleic acid sample; 10 mM Tris (pH 8. RT was carried out at 42°C for 30 min; this was followed by an initial denaturation step at 95°C for 10 min, heat inactivation of the marine leukemia virus reverse transcriptase, and activation of the AmpliTaq Gold DNA polymerase. The amplification reaction consisted of 40 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 1 min, and extension at 72°C for 30 s, followed by a single final extension at 72°C for 7 min and a 4°C hold.
Amplification products were separated by horizontal gel electrophoresis on 3.0% agarose gels (Amresco, Solon, Ohio) containing 0.5 g of ethidium bromide per ml. The gels were electrophoresed for 1.5 h at a constant voltage (100 V) and were visualized under UV light. Gel images were captured with a gel documentation system (UVP, Inc., Upland, Calif.).
Cloning and DNA sequence analysis of RT-PCR products. RT-PCR products were cloned and sequenced for genotyping and identification. The products were cloned with a TOPO TA cloning kit (Invitrogen, Carlsbad, Calif.) used according to the manufacturer's instructions. The cloned products were purified with a QIAquick PCR purification kit (Qiagen). The purified products were sequenced commercially (DNA Sequencing Services, University of Arizona, Tucson). Splits of purified products obtained from duplicate clones of each sample were sequenced and analyzed to identify potential sequencing errors and PCR artifacts. Sequence identities were confirmed by using Gene Runner, version 3.0 (Hastings Software, Inc., Hastings, N.Y.). Sequences were also compared with GenBank sequences by using the BLAST program. A similarity dendrogram and sequence homologies were generated by using GeneBase, version 1 (Applied Maths, Kortrijk, Belgium) and the unweighted pair group method using arithmetic averages.
Nucleotide sequence accession numbers. The accession numbers were AF129822, AF129821, and AF129820 for the reovirus type 3 (Dearing), reovirus type 2 (Jones), and reovirus type 1 (Lang) L3 gene sequences, respectively (7) . Sequences obtained from environmental reoviruses described here have been deposited in the GenBank database under the following accession numbers: RV-A, AF325764; RV-C, AF325765; RV-E, AF325766; RV-G, AF325767; and RV-H, AF325768.
RESULTS

Specificities of the primers.
To evaluate the specificities of the reovirus primers, a group of enteric viruses, including reovirus types 1, 2, and 3, were subjected to RT-PCR. Amplification produced the correct 320-bp fragment with reovirus types 1, 2, and 3. No amplification occurred with poliovirus type 3, rotavirus SA-11, echovirus 24, Norwalk-like virus, hepatitis A virus, or adenovirus 41. To verify that the lack of amplification of the nontarget viruses was due to the specificity of the REOL3 primer set and not to PCR inhibition by the samples, each of the virus nucleic acid samples was successfully amplified with the correct corresponding primers ( Fig. 1 and Table 1 ).
Primer sensitivity. To determine the sensitivity of the reovirus primers for each type of reovirus, a RT-PCR was performed with serially diluted purified nucleic acid from the original virus stock. Reovirus types 1, 2, and 3 all were amplified up to a dilution of a 10 Ϫ6 , which was equivalent to approximately 3, 30, and 0.3 PFU per reaction mixture, respectively ( Fig. 2 ; data for reovirus types 2 and 3 are not shown). These detection sensitivities are comparable to the 7-to 70-PFU/reaction mixture RT-PCR detection sensitivities recently reported for reovirus types 1, 2, and 3 (18) .
Detection of reoviruses. During a previous study in our laboratory, 26 of 251 surface water samples assayed during an   FIG. 1 . Specificity of RT-PCR with the REOL3 primer set. Lanes 1 to 9, RT-PCR products obtained by using the REOL3 primer set and poliovirus 3, rotavirus SA-11, echovirus 24, Norwalk-like virus, hepatitis A virus, adenovirus 41, reovirus type 1, reovirus type 2, and reovirus type 3, respectively; lanes 11 to 16, RT-PCR products obtained with appropriate primer sets for poliovirus 3, rotavirus SA-11, echovirus 24, Norwalk-like virus, hepatitis A virus, and adenovirus 41 nucleic acid samples, respectively (to verify amplifiability); lanes 10 and 17, no-template controls; lanes M, 2,000-to 50-bp DNA molecular weight marker XIII (Roche Molecular, Branchburg, N.J.). ReoL3F/ReoL3R This study (Table 2 ). All eight RT-PCR products were cloned and sequenced along with all three reovirus reference strains. The sequence results are presented in a similarity dendrogram in Fig. 3 and in a table of homologies in Table 3 . The sequences of reovirus type 1, 2, and 3 ATCC reference strains were 100% homologous to the corresponding GenBank sequences. These results verified the integrity of both the reference strains and the GenBank sequences. There were nucleotide differences between each environmental reovirus RT-PCR product and the sequences of the three reference reovirus strains. Sequences RV-A and RV-B were obtained from two flasks prepared from the same sample and were 100% homologous to one another. Similarly, sequences RV-C and RV-D were also obtained from two flasks prepared from a single sample and were identical to each other. However, the sequences obtained from multiple flasks prepared from the same sample were not always homologous, as seen with sequences RV-E and RV-H, which represented two different reovirus genotypes (Fig. 3) . Interestingly, the RV-F sample was collected from the same site as the RV-C and RV-D samples was collected but 1 month later, and the RV-F sequence was 100% homologous to the RV-C and RV-D sequences. Conversely, three different reovirus genotypes (RV-E, RV-G, and RV-H) were obtained from a single site.
DISCUSSION
Viral contamination of river water and groundwater, which are potential sources of drinking water, is a pressing issue for both the water industry and the EPA. Therefore, great effort has been put forth to monitor the levels of viruses present in raw water sources. The recent EPA-mandated ICR includes monitoring for enteroviruses in water using cell culture. While the ICR and most other virus-monitoring methods have targeted enteroviruses, we propose that reoviruses may also be a valuable target for monitoring viral water contamination. Here we describe a combined cell culture-RT-PCR assay for detecting and genotyping reoviruses in environmental water samples.
Previous studies have shown that reoviruses are common in raw water sources (8, 12, 27) . While both humans and animals may serve as hosts for reoviruses (24) , a significant human input into environmental waters may be wastewater treatment plant effluents. In one study, reoviruses remained present at a mean concentration of 1,550 infectious units liter Ϫ1 , compared to 100 infectious units liter Ϫ1 for enteroviruses, in chlorinated secondary wastewater treatment plant effluents (8) . In another study, the authors concluded that while animals (swine, cattle, and field mice) may have contributed to reovirus contamination of the watersheds examined, human waste was probably a more significant source of contamination (13) . While watershed management practices are different for watersheds polluted by animal sources and watersheds polluted by human sources, both types of waste may contain other pathogens, such as Cryptosporidium, Giardia, Escherichia coli O157:H7, Salmo- Ϫ2 to 10 Ϫ8 dilutions (in duplicate), respectively, of purified RNA of the reovirus type 1 stock; lane 15, no-template control; lanes M, 2,000-to 50-bp DNA molecular weight marker XIII. The lowest dilution at which virus was detected was also the 10 Ϫ6 dilution for reovirus types 2 and 3 (data not shown). This was equivalent to approximately 3, 30, and 0.3 PFU of reovirus types 1, 2, and 3 per reaction mixture, respectively. FIG. 3 . Similarity dendrogram for environmental water sample combined cell culture-RT-PCR reovirus genotypes. The GenBank L3 gene sequences for reovirus types 1, 2, and 3 (GBRV1, GBRV2, and GBRV3, respectively) and sequences obtained in this study from ATCC reovirus types 1, 2 and 3 (RV1, RV2, and RV3, respectively) are included. on October 22, 2017 by guest http://aem.asm.org/ nella, and enteric viruses. Monitoring for many of these organisms in water is often difficult due to their sporadic occurrence, but reovirus detection may help determine the vulnerability of a watershed to fecal pollution. In the present study, RT-PCR detected reoviruses in 5 of 26 (19.2%) virus CPE-positive environmental water samples. The CPE in other CPE-positive samples were likely due to infection by other viruses, such as vaccine strain polioviruses, coxsackieviruses, echoviruses, or other enteroviruses, and these viruses were not detected by the reovirus RT-PCR method. A previous study reported that reoviruses were present in 31 of 73 (42%) CPE-positive water samples (12) . The same study reported that reoviruses were the most commonly isolated viruses in CPE-positive samples; 207 (46.5%) of the 445 strains of viruses isolated were identified as reoviruses. In addition to the different watersheds examined in the different studies, the differences in detection frequency may have been due to the different cell culture methods used. In the previous study each sample was assayed with five different cell lines, while in the present study only BGM cell cultures were used. A study that evaluated the sensitivity of various cell lines to reovirus infection reported that the Madin-Darby bovine kidney (MDBK) cell line was the cell line that was most sensitive to reovirus types 1, 2, and 3 (24) , and the Vero and BGM cell lines were found to be 20 and 35% less sensitive than the MDBK cell line, respectively. In addition to the several different cell lines, the replication rates of different viruses in cell culture may have affected the reovirus detection frequency. Reovirus replication in BGM cells is much slower than replication of other enteric viruses (27) . We observed that BGM cell cultures inoculated with 10 PFU of virus exhibited CPE between 4 and 5 days postinoculation with poliovirus Sabin strain type 1, while CPE occurred after 9 to 14 days with reovirus type 1, 2, or 3 (unpublished data). Therefore, BGM cell cultures may allow reoviruses to be outcompeted by faster replicating enteroviruses that are also present in a sample. Thus, the choice of cell line may be especially important for analysis of environmental water samples contaminated with very low levels of reoviruses. The BGM cell line has been used to detect reoviruses (18, 24) and is a reasonable choice of a single cell line for simultaneous monitoring of enteroviruses and reoviruses. However, if enterovirus detection is not a concern, the MDBK cell line is a better choice for monitoring reoviruses. Additional research is needed to evaluate the use of the MDBK cell line for detection of reoviruses in water samples.
Sequence analysis of the reovirus RT-PCR products showed that there was substantial sequence diversity among the isolates and that none of the isolates was identical to the ATCC reovirus type 1, 2, or 3 reference strain. These results are not surprising given the high mutation rates of RNA viruses that are due to the lower stability of RNA than of DNA, the high replication rates, and the error-prone nature of RNA polymerases (26) . Viruses are also known to undergo genetic reassortment when they pass through a host (21). Goral et al. (6) studied the sequence diversity of the mammalian reovirus S3 gene, which encodes an outer capsid protein, and observed a high degree of variability.
The sequence analysis of the L3 gene products in this study augmented previous work on reovirus sequence diversity. There is great sequence diversity among reovirus isolates, and detection of isolates with low sequence homology is not surprising. For example, ATCC reovirus type 2 and 3 reference strains are only 80.3% homologous (Table 3) . It is important to note that despite the sequence diversity at this locus, the primer sites are conserved for each of the reovirus types. Genotypes RV-E and RV-H were obtained from two separate flasks prepared from the same sample, but they exhibited only 81.5% identity (Table 3 ). This suggests that virions of two different reovirus genotypes were present in the same sample. Conversely, RV-A and RV-B were identical and were from different flasks prepared from the same sample; the same was true of RV-C and RV-D. This suggests that there were multiple reovirus virions having the same genotype in each of the samples. Even more interesting is the observed persistence of the reovirus genotype represented by RV-C, RV-D, and RV-F at the same sampling site for two consecutive months. The possible explanations for this include a common source of reovirus contamination or survival of the reovirus genotype over time under environmental conditions. In contrast, three different reovirus genotypes (RV-E, RV-G, and RV-H) were Table 2 ) that produced viral CPE in multiple cell culture flasks, but only two of the flasks were positive for reovirus as determined by RT-PCR. This suggests that other viruses, probably enteroviruses, were present and that there was a diverse contamination source or multiple contamination sources. This study is significant because it is the first study to detect and genotype reoviruses in surface water sources used for potable water. Use of reoviruses as an indicator of fecal and viral contamination of water, in addition to the commonly monitored enteroviruses, may lead to more useful monitoring data and more accurate health risk assessments. Monitoring of recreational seawater for reoviruses as an indicator of fecal pollution has recently been proposed by another team of researchers (18) . Furthermore, due to the resistance of reoviruses to chlorination and their potential to lead to serious illness in immunocompromised individuals, the occurrence of reoviruses in finished water should also be investigated in the future.
